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Summary 
A long-range signal encoded by the Sonic hedgehog 
(Shh) gene has been implicated as the ventral pat- 
terning influence from the notochord that induces 
sclerotome and represses dermomyotome in somite 
differentiation. Long-range effects of hedgehog (hh) 
signaling have been suggested to result either from 
local induction of a secondary diffusible signal or from 
the direct action of the highly diffusible carboxy- 
terminal product of HH autoproteolytic cleavage. Here 
we provide evidence that the long-range somite pat- 
teming effects of SHH are instead mediated by a direct 
action of the amino-terminal cleavage product. We 
also show that pharmacological manipulations to in- 
crease the activity of cyclic AMP-dependent protein 
kinase A can selectively antagonize the effects of the 
amino-terminal cleavage product. Our results support 
the operation of a single evolutionarily conserved sig- 
naling pathway for both local and direct long-range 
inductive actions of HH family members. 
Introduction 
The paraxial mesoderm of the vertebrate mbryo consists 
of segmented structural units, the somites, which bud off 
from an unsegmented tissue, the presomitic mesoderm. 
Somites are initially patterned along the dorsoventral axis 
by signals from adjacent tissues, giving rise to a ventral 
mesenchymal component, the sclerotome, and to a dorsal 
epithelial component, the dermomyotome. The sclero- 
tome subsequently gives rise to the skeletal elements of 
the vertebrae and ribs, whereas the dermomyotome gives 
rise to skeletal muscle and dermis (reviewed by Keynes 
and Stern, 1988). Dermomyotome development is thought 
to be directed by as-yet-unidentified signals from the adja- 
cent surface ectoderm and dorsal neural tube (Kuratani 
et al., 1994; Fan and Tessier-Lavigne, 1994), whereas the 
sclerotome appears to be induced by a diffusible factor 
*These authors contributed equally to this work. 
secreted by the notochord and floor plate (Watterson et 
al., 1954; Pourquie et al., 1993; Brand-Saberi et al., 1993; 
Goulding et al., 1994; Fan and Tessier-Lavigne, 1994). 
Several lines of evidence have implicated Sonic hedgehog 
(SHH), the product of a member of the hedgehog (hh) 
multigene family, in mediating this ventral patterning influ- 
ence of the notochord and floor plate on developing so- 
mites. First, Shh is expressed at the appropriate time to 
account for the sclerotome-inducing activities of these tis- 
sues (Echelard et al., 1993; Krauss et al., 1993; Roelink 
et al., 1994; Chang et al., 1994; Johnson et al., 1994). 
Second, ectopic expression of Shh in the dorsolateral as- 
pect of somites in chick embryos in vivo by retroviral- 
mediated gene transfer causes an enhancement of sclero- 
tomal marker expression and represses dermomyotomal 
marker expression (Johnson et al., 1994). Third, heterolo- 
gous cells expressing Shh can induce sclerotomal mark- 
ers and repress dermomyotomal markers in mouse pre- 
somitic mesoderm explants in vitro (Fan and Tessier- 
Lavigne, 1994). 
An unusual feature of SHH activity in scierotome induc- 
tion is its diffusible nature and extended range of action 
(several hundred micrometers) (Fan and Tessier-Lavigne, 
1994), which contrasts with the dependence of floor plate 
induction by SHH upon direct contact between the target 
neural plate tissue and notochord or cultured cells ex- 
pressing Shh (Roelink et al., 1994; reviewed by Jessell 
and Dodd, 1992). A similar dichotomy of local versus long- 
range effects has been reported in Drosophila (reviewed 
by Perrimon, 1995). Recent biochemical studies demon- 
strate that autoproteolytic leavage of the Drosophila HH 
protein precursor yields an -18 kDa amino-terminal frag- 
ment (HH-N) that remains tightly associated with the cells 
in which it is synthesized and an -25 kDa carboxy- 
terminal fragment (HH-C) that, in contrast with HH-N, ap- 
pears to diffuse readily from cultured cells and within the 
embryo (Lee et al., 1994; Porter et al., 1995). Vertebrate 
HH proteins are also autoproteolytically cleaved to yield 
similar products (SHH-N and SHH-C in the case of SHH; 
Lee et al., 1994; Chang et al., 1994; Porter et al., 1995; 
Bumcrot et al., 1995), and these results suggested the 
general possibility that, whereas the amino-terminal c eav- 
age products might be responsible for local actions of HH 
proteins, direct long-range actions could be mediated by 
the carboxy-terminal c eavage products (Lee et al., 1994). 
An additional mechanism for long-range actions of HH 
proteins has also been documented in Drosophila imagi- 
hal discs, where HH appears to act locally to activate a 
secondary long-range signal (Tabata and Kornberg, 1994; 
Basler and Struhl, 1994; Capdevila and Guerrero, 1994; Lee 
et al., 1994; Pan and Rubin, 1995; Li et al., 1995; Jiang 
and Struhl, 1995; Strutt et al., 1995; Heberlein et al., 1995; 
Lepage et al., 1995). In the case of long-range induction 
of scierotome by the notochord, however, the evidence 
does not support the activation of a secondary inducer, 
since somitic mesoderm cannot itself induce sclerotome 
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(Fan and Tessier-Lavigne, 1994; see Discussion); the 
mechanistic basis of this apparent long-range action of 
SHH has not been determined. 
Another aspect of signaling by HH proteins that remains 
poorly understood is the intracellular pathway by which 
they mediate their effects upon target cells. Recent studies 
in Drosophila imaginal discs suggest a potential role in 
signal transduction for cyclic AMP (cAMP)-dependent pro- 
tein kinase A (PKA), since clones of cells lacking Pka cause 
pattern respecifications that resemble those induced by 
clones of cells ectopically expressing hh (Pan and Rubin, 
1995; Li et al., 1995; Jiang and Struhl, 1995; Strutt et al., 
1995; Lepage et al., 1995). Genetic analysis further sug- 
gests that PKA activity in a particular cell or cells is antago- 
nistic to the effects of the HH signal. However, it is not yet 
resolved whether PKA activity and the HH signal operate in 
the same pathway or instead affect parallel pathways that 
converge on downstream targets (reviewed by Perrimon, 
1995). 
Sclerotome induction represents a particulary favorable 
activity for analysis of long-range signaling by HH proteins 
since an explant culture system can be used for in vitro 
testing of specific gene products, either as produced by 
cultured cells or in purified form, and can also be used for 
addition of pharmacological agents that specifically affect 
intracellular signaling pathways. Here we demonstrate 
that the long-range induction of sclerotome by SHH can 
be accounted for by the action of one of the products of 
SHH cleavage; surprisingly, however, this product is SHH- 
N, not SHH-C. Together with recent results in other sys- 
tems (Porter et al., 1995; Roelink et al., 1995 [this issue 
of Cell]), these findings suggest that the direct long-range 
effects of SH H signaling are mediated by the same species 
responsible for local effects. Moreover, pharmacological 
manipulations to increase PKA activity in vivo were found 
to inhibit the effects of SHH-N, indicating the existence 
of a broadly conserved signaling pathway for both local 
and direct long-range inductive actions of HH proteins. 
Results 
The Sclerotome-lnducing Activity of SHH Can Be 
Mediated by the Amino-Terminal Product 
of Autoproteolytic Cleavage 
The inductive activity of the notochord and Shh-expressing 
cells can be monitored in embryonic day 9.5 (E9.5) mouse 
presomitic mesoderm explants cultured in collagen gels, 
using Pax1 (Deutsch et al., 1988) and Mtwist (Wolf et al., 
1991) as markers of sclerotome. Expression of these 
markers is detected using the reverse transcription-poly- 
merase chain reaction (RT-PCR) or RNA in situ hybridiza- 
tion (ISH). Explants cultured alone for 24 hr do not express 
Pax1 and show low levels of Mtwist expression. When 
cultured with notochord or heterologous cells expressing 
Shh, expression of Pax1 is induced, and the level of Mtwist 
expression is increased (Fan and Tessier-Lavigne, 1994). 
To determine which proteolytic fragment of SHH might 
mediate the long-range sclerotome-inducing activity of 
SHH, we compared the inductive abilities of conditioned 
medium and cell aggregates derived from COS cells trans- 
fected with a construct (pShh) encoding the full-length 
SHH protein as well as COS cells transfected with a con- 
struct (pShh-N) encoding a protein corresponding to the 
amino-terminal product of SHH autoproteolytic leavage 
(SHH-N) (Figure 1A) (Porter et al., 1995). As described 
elsewhere (Porter et al., 1995; Roelink et al., 1995), when 
pShh was transfected into COS cells, the conditioned me- 
dium (Figure 1B) contained readily detected levels of 
SHH-C but only a small amount of SHH-N (although not 
visible in Figure 1B, on longer development of the blot, 
a band corresponding to SHH-N was detected; data not 
shown). In contrast, SHH-N was readily detected in me- 
dium conditioned by COS cells expressing pShh-N. Diffus- 
ible forms of SH H-N and SH H-C are thus readily available 
in medium conditioned by cells transfected with pShh-N 
and pShh, respectively, but SHH-N remains predomi- 
nantly cell associated when derived by autoproteolytic 
cleavage from the full-length SHH precursor. 
Both the conditioned medium and the cell aggregates 
of pShh-N-transfected cells induced expression of Pax1 
and increased expression of Mtwist in the explants, as 
assessed both by RT-PCR and ISH; conditioned medium 
and aggregates from COS cells transfected with a control 
plasmid had no effect (Figures 1C and 1D; data not 
shown). Aggregates of COS cells transfected with pShh 
also induced sclerotomal markers when cocultured with 
presomitic mesoderm explants (Figure 1C; Fan and Tes- 
sier-Lavigne, 1994), but the range of action of these cells 
as assessed by ISH was shorter than that of cells trans- 
fected with SHH-N (168 _+ 24 p.m [n = 12] and 270 _.+ 41 
p.m [n = 12], respectively), consistent with the observation 
that lower levels of SHH-N are secreted in diffusible form 
by cells transfected with pShh than with pShh-N (see 
above). Finally, medium conditioned by COS cells trans- 
fected with pShh did not induce sclerotomal marker ex- 
pression (Figure 1C), despite the presence in this medium 
of large amounts of SHH-C; this medium also contained 
SHH-N, but at a concentration too low to induce scleroto- 
mal markers, as judged by Western blot analysis using a 
purified SHH-N standard (see the dose-response curve of 
Figure 2 below; data not shown). Taken together, these 
results suggest that SHH-N can mediate the sclerotome- 
inducing activity of SHH and that SHH-C does not contrib- 
ute to its activity. 
These experiments did not, however, rule out the possi- 
bilities that the COS cells secreted factors that were re- 
quired for SH H-N to induce sclerotome or even that SHH-N 
did not itself act directly in sclerotome induction but in- 
stead triggered COS cells to secrete a distinct sclerotomal 
inducer. To test whether SHH-N was sufficient for sclero- 
tome induction, we therefore applied purified recombinant 
SHH-N protein (Figure 2A) dire,ctly to the expiants in our 
assay. Purified SHH-N induced expression of Pax1 and 
increased expression of Mtwist when present at concen- 
trations of 1.25 nM or higher (Figures 2B and 2C). Purified 
SHH-N did not induce the dermomyotomal markers Pax3, 
Sire1, or Pax7 (see Fan and Tessier-Lavigne, 1994), nor 
did it induce expression of the Shh gene itself, as assessed 
Sonic hedgehog and cAMP in Somite Patterning 
459 
A 
N aa198 C 
SHH I 
N 
SHH-N I I 
C 
~ ~,~'~,~ ~,~ ~,~%,~ 
Pax1 
. , ~ Mtwis t  
~-Act in  
B supernatan, t extract , supernatant  extract 
~ z, ~ ~,' 
80" i :  ~ 
80 - 49,5- 
49.5- °"~SHH "-~, "~SHH 
32.5- - - -  o 
27.5- 32.5" ~/'~.' .~"  
~ ..... ~SHH-N 27.5- ~SHH-C 
18.5- 185- 
kD kD 
anti-N anti-C 
D 
Figure 1. COS Cells Secreting an Amino- 
Terminal Fragment of SHH Induce Sclerotomal 
Markers in Presomitic Mesoderm Explants 
(A) Diagrammatic comparison f the full-length 
SHH protein (SHH) and the truncated amino- 
terminal fragment (SHH-N) that terminates fol- 
lowing residue 198. Expression plasmids en- 
coding these proteins are termed pShh and 
pShh-N, respectively. 
(B) Western analysis of proteins produced by 
COS cells transfected with a control plasmid 
(CON), pShh, or pShh-N. Proteins in medium 
conditioned by the cells (supernatant) and cell 
extracts (extract) were resolved by SDS-poly- 
acrylamide (15%) gel electrophoresis, blotted 
to nitrocellulose, and probed with antibodies 
directed to the amino-terminal portion (anti-N) 
or the carboxy-terminal portion (anti-C) of 
mouse SHH (Chang et al., 1994). Arrowheads 
indicate the - 20 kDa SHH-N protein (SHH-N), the - 29 kDa SHH-C protein (SH H-C), and the - 45 kDa full-length protein (SHH). Note the presence 
of an additional - 22 kDa protein (small arrowhead) in extracts of cells transfected with pShh-N that may be SHH-N that has not undergone signal 
sequence cleavage. Open circles indicate antigens that cross-reacted spuriously with the antibodies (see Experimental Procedures for details). 
(C) Expression of the sclerotomal markers Pax1 and Mtwist was assessed by RT-PCR in presomitic mesodermal explants cultured for 24 hr in 
collagen gels under the following conditions: in conditioned medium from COS cells transfected with either a control plasmid (CON/sup), pShh 
(pShh/sup), or pShh-N (pShh-N/sup) or separated by a nucleopore filter from aggregates of COS cells transfected with either a control plasmid 
(CON/filter), pShh (pShh/filter), or pShh-N (pShh-Nlfilter). Expression of ~-actin was used as a control for RNA recovery and cDNA synthesis. In 
these experiments, the cell aggregates were separated from the presomitic mesoderm explants by a n ucleopore filter because we have previously 
found that control COS cells can induce sclerotomal markers in explants over a short range when cultured in direct contact with the explants, 
though never when separated from the explants by a filter (Fan and Tessier-Lavigne, 1994). 
(D) Expression of Pax1 was assessed by ISH in presomitic mesoderm explants (psm) that were cultured for 24 hr in collagen gels separated by 
a filter from aggregates of COS cells transfected with either a control plasmid (CON) or pShh-N. Note that in the latter case, expression of Pax1 
was not observed along the edges of the explant that contacted the collagen gel; this was previously reported for explants cultured with notochord 
or cells expressing Shh (Fan and Tessier-Lavigne, 1994) and was also observed with purified SHH-N (see Figures 2C and 3C). The collagen thus 
appears to repress sclerotome induction locally by an unknown mechanism. 
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Figure 2. Purified SHH-N Induces Expression of Sclerotomal Markers 
in and Proliferation of Presomitic Mesoderm Cells 
(A) Purified recominant SHH-N (60 ng) was subjected to SDS-poly- 
acrylamide (15%) gel electrophoresis and silver staining. Molecular 
weight markers (M) are shown. 
(S) Dose-dependent induction of the sclerotomal markers Pax1 and 
Mtwist in presomitic mesoderm explants by purified SHH-N. Explants 
were cultured in the presence of different concentrations of purified 
SHH-N (indicated above each lane) for 24 hr, and gene expression 
was assessed by RT-PCR. Expression of I~-actin was used as a control 
(see Figure 1C). 
(C) Induction of Pax1 was assessed by ISH in presomitic mesoderm 
explants that were cultured for 24 hr in collagen gels either without 
added protein (CON) or with 2.5 nM purified SHH-N (plus SHH-N). 
(D) Mitogenic effect of SHH-N. Presomitic mesoderm explants were 
cultured either without added SHH-N or FGF2 (CON) or with 2.5 nM 
purified SHH-N (plus SHH-N) for 23 hr and then pulse labeled for 1 hr 
with 20 p.M BrdU. Incorporation of BrdU by dividing cells was assessed 
by immunohistochemistry using an antibody to BrdU (Bu20A) in 20 
p.m sections of the explants. 
Note that in experiments to assess the mitogenic effect of SHH-N, no 
FGF2 was added to the culture (see Experimental Procedures). In 
experiments to assess mitogenio effects, single presomitic mesoderm 
explants were cultured in collagen gels; in all other experiments (e.g., 
those shown in Figures 1 D, 2C, 3, 4B, and 4C), two pieces of presomitic 
mesoderm were cultured together and fused during the culture period. 
Note the presence of BrdU incorporation at the edges of the explant, 
despite the absence of Pax1 expression around the edges (C). This 
absence was attributed to a repressive effect of the collagen (see 
legend to Figure 1D); it appears therefore that only the inductive, not 
the mitogenic, effect of SHH-N is sensitive to local repression by colla- 
gen. Similar observations were made when the notochord was used 
as a source of inductive and mitogenic signals (data not shown). 
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Figure 3. SHH-N Suppresses Dermomyotomal Marker Expression 
Presomitic mesoderm explants (psm) were cultured in contact with 
the dorsal aspect of a chick neural tube for 24 hr. Expression of the 
sclerotomal marker Pax1 and the dermomyotomal marker Pax3 was 
assessed by ISH. 
(A and B) In control medium, the dorsal neural tube (dnt) did not induce 
Pax1 (A), but did induce expression of Pax3 (B) over a long range (see 
Fan and Tessier-Lavigne, 1994). 
(C and D) In the presence of 25 nM SHH-N, Paxl was induced through- 
out most of the presomitic mesoderm explant (C), whereas Pax3 ex- 
pression was confined to cells in the immediate vicinity of the dorsal 
neural tube (D). 
Scale bar, 100 p_m. 
by RT-PCR (data not shown). The induction of the sclero- 
tomal markers Pax1 and Mtwist by SHH-N was dose de- 
pendent, as higher levels of expression were observed 
with increasing concentrations (Figure 2B). The increase 
in Pax1 expression with increasing concentration ap- 
peared to reflect both an increase in the number of cells 
expressing Pax1 and an increase in the level of Pax1 ex- 
pression per cell, as assessed by ISH (data not shown; 
compare also Figure 2C [2.5 nM SHH-N] and Figure 3C 
[25 nM SHH-N]). To determine the time course of induction 
of Pax1, we incubated presomitic mesoderm explants for 
2 hr or 16 hr in control medium (to allow the explants to 
recover from the isolation procedure) before addition of 
2.5 or 25 nM SHH-N; in all cases, Pax1 induction was 
observed just 6 hr after addition of SHH-N (data not 
shown). 
Mitogenic Effect of SHH-N 
To test whether purified SHH-N has a mitogenic effect on 
somitic cells, as previously demonstrated in vivo for the 
notochord (Teillet and Le Douarin, 1983), we treated pre- 
somitic mesoderm explants with or without purified SHH-N 
(2.5 nM) for 23 hr and then pulse labeled them with 
5'-bromo-2'-deoxyuridine (BrdU) for 1 hr. BrdU incorpora- 
tion into presomitic mesoderm cells was assessed by im- 
munohistochemistry in sections of the explants using an 
antibody to BrdU. In the presence of purified SHH-N, there 
was a significant increase in the number of cells incorpo- 
rating BrdU (see Figure 2D; see also Figure 4D), as was 
also observed in explants cultured with notochord or floor 
plate (data not shown). Purified SHH-N thus can function 
as a mitogen for presomitic mesoderm cells in vitro. 
Repressive Effects of SHH-N on Dermomyotomal 
Marker Expression 
The notochord previously was shown not just to induce 
sclerotomal characteristics but also to repress the devel- 
opment of dermomyotomal characteristics in somitic cells, 
and SHH was implicated in mediating this repressive effect 
both in vivo and in vitro (Pourquie et al., 1993; Brand- 
Saberi et al., 1993; Goulding et al., 1994; Johnson et al., 
1994; Fan and Tessier-Lavigne, 1994). In vitro, this repres- 
sive effect was demonstrated by culturing presomitic 
mesoderm explants simultaneously in the presence of dor- 
sal neural tube tissue (to elicit expression of dermomyoto- 
mal markers like Pax3 (Goulding et al., 1991) and either 
notochord explants or aggregates of cells expressing Shh; 
the notochord Or Shh-expressing cells were shown to an- 
tagonize the induction of dermomyotomal markers by the 
dorsal neural tube (Fan and Tessier-Lavigne, 1994). We 
found that purified SHH-N (25 nM) added to the culture 
medium not only induced Pax1 (Figure 3C) but also re- 
pressed the induction of Pax3 expression elicited by dorsal 
neural tube tissue, reducing the distance over which Pax3 
was induced from 144 _+ 14 p~m (mean _+ SEM; n = 10; 
Figure 3B) to 47 _ 8 ~m (n = 6; Figure 3C). This reduction 
was highly significant (p < 0.001, Student's t test), and 
these results indicate that SHH-N can mediate the repres- 
sive effects of the notochord and SHH. 
Manipulations to Increase PKA Activity Antagonize 
the Inductive, Repressive, and Mitogenic Effects 
of $HH-N 
Recent studies in Drosophila provide evidence that PKA 
activity antagonizes the signaling effect of HH. We there- 
fore assayed the induction of sclerotomal markers by 
SHH-N in explants cultured with the following three agents 
that are expected to increase PKA activity either directly 
or by increasing cAMP levels: forskolin, a membrane per- 
meable stimulator of adenylate cyclase; 3-isobutyl-l-methyl- 
xanthine (IBMX), a membrane-permeable inhibitor of cAMP 
phosphodiesterase; or dibutyryl-cAM P (db-cAMP), a mem- 
brane-permeable analog of cAMP (see Experimental Pro- 
cedures for concentrations tested). Forskolin, IBMX, and 
db-cAMP completely blocked the induction of Pax1 ex- 
pression and the increase in Mtwist expression caused 
by purified 2.5-25 nM SHH-N (Figure 4A; data not shown). 
The inductive effects of purified SHH-N (2.5-25 nM) were 
not affected by 1,9 dideoxyforskolin, an inactive analog 
of forskolin; dibutyryl-cGMP (db-cGMP), an activator of 
protein kinase G; or phorbol myristate acetate (PMA), an 
Sonic hedgehog and cAMP in Somite Patterning 
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Figure 4. Manipulations to Increase PKA Activity Antagonize the In-
ductive, Repressive, and Mitogenic Effects of Purified SHH-N 
(A) Induction of the sclerotomal markers Pax1 and Mtwist was as- 
sessed by RT-PCR in presomitic mesoderm explants cultured for 24 
hr. Explants were cultured either without added protein (CON), with 
2.5 nM purified SHH-N (no drug), or with both 2.5 nM purified SHH-N 
and one of the following compounds (indicated above the appropriate 
lane): PMA (100 nM), db-cGMP (1raM), db-cAMP (1 raM), 1,9-dideoxy- 
forskolin (1,9-dd-forskolin) (90 I~M), forskolin (90 p.M), or IBMX (100 
pM). Agents that are expected to increase PKA activity (db-cAMP, 
forskolin, and IBMX) abolished the induction of sclerotomal markers 
by purified SHH-N, whereas control agents had no effect. Similar re- 
sults were obtained in at least six independent experiments. Expres- 
sion of I~-actin was used as a control (see Figure 1C). 
(B and C) db-cAMP reverses the suppression of dermomyotomal 
marker expression by SHH-N. Presomitic mesoderm explants (psm) 
were cultured in contact with the dorsal aspect of a chick neural tube 
(dnt) for 24 hr as shown in Figure 3, in the presence of both 25 nM 
SHH-N and 1 mM db-cAMP. In the absence of db-cAMP, SHH-N in- 
duced Pax1 and repressed Pax3 expression, as shown in Figures 3C 
and 3D. In the presence of both SHH-N and db-cAMP, expression of 
Pax1 in the presomitic mesoderm explant was suppressed (B), 
whereas expression of Pax3 ((3) was similar to that observed in control 
medium (see Figure 3B). Similar results were obtained with 100 I~M 
forskolin in place of db-cAMP (data not shown). Scale bar, 100 p_m. 
(D) Presomitic mesoderm explants were cultured for 23 hr with different 
pharmacological agents (indicated under each column) either in the 
absence of added SHH-N or FGF2, with purified SHH-N (2.5 nM), or 
with FGF2 (10 ng/ml) and then were pulse labeled for 1 hr with 20 
p_M BrdU. Incorporation of BrdU by dividing cells was assessed by 
immunohistochemistry as in Figure 2 and was quantified by counting 
BrdU + cells in three 20 p.m sections from each explant (see Experimen- 
tal Procedures). Values shown are means _+ SEM for four to six ex- 
activator of protein kinase C (Figure 4A; data not shown) 
(see Experimental  Procedures for concentrations). None 
of the six agents tested induced the sclerotomal markers 
Pax1 and Mtwist or the dermomyotomal  marker Pax3, 
when applied to presomitic mesoderm explants in the ab- 
sence of SHH-N (data not shown). 
To test whether the block of Pax1 expression by manipu- 
lations to increase PKA activity was specific to HH sig- 
naling, we examined the effect of these manipulations 
on SHH-N-mediated repression of the dermomyotomal  
marker Pax3 (see Figures 3C and 3D). Addition of forskolin 
or db-cAMP to cocultures of dorsal neural tube and pre- 
somitic mesoderm not only completely abolished the in- 
duction of Pax1 expression, but also restored the expres- 
sion of Pax3 over a distance of 139 _+ 15 I~m, similar to 
that observed in the absence of SHH-N (Figures 4B and 
4C; data not shown). Forskolin and db-cAMP had no effect 
on Pax3 expression in cocultures of neural tube and pre- 
somitic mesoderm when added in the absence of SHH-N, 
as assessed by ISH (data not shown). The finding that 
these manipulations actually restored Pax3 expression ar- 
gues against the possibility that they repressed SHH-N- 
induced expression of Pax1 by simply blocking gene ex- 
pression in a nonspecific way. 
We also examined whether manipulations to increase 
PKA activity affected the m itogenic effect of SH H-N. For- 
skolin, IBMX, and db-cAMP completely blocked the in- 
creased incorporation of BrdU stimulated by SHH-N, but 
had no effect on BrdU incorporation in the absence of 
SHH-N (Figure 4D). To exclude the possibil ity that these 
manipulations imply blocked proliferation in a nonspecific 
way, we took advantage of the observation that fibroblast 
growth factor 2 (FGF2) also has a mitogenic effect on pre- 
somitic mesoderm cells (Figure 4D), although it does not 
induce the expression of scleretomal markers (data not 
shown). The mitogenic effect of FGF2 was not affected 
by addition of forskolin, db-cAMP, or IBMX (Figure 4D), 
arguing against a nonspecific block of proliferation by 
these agents. Two of the control agents, db-cGMP and 
1,9-dideoxyforskolin, did not affect BrdU incorporation un- 
der any of the conditions tested (in explants alone, with 
SHH-N, or with FGF2; Figure 4D). PMA did reduce incor- 
poration of BrdU, but the effect was observed under all 
conditions tested (Figure 4D). Thus, PMA appears to block 
proliferation nonspecifically, whereas manipulations to in- 
crease PKA activity appear selectively to block the mito- 
genic effect of SHH-N. 
Discussion 
Local versus Long-Range Signaling by HH Proteins 
An apparently paradoxical aspect of SHH activity is its 
plants cultured independently. Pharmacological agents were used at 
the same concentrations as in (A). Agents that are expected to increase 
PKA activity (rib-cAMP, forskolin, and IBMX) suppressed the mitogenic 
effect of SHH-N (p < 0.001, Student's t test) but not hat of FGF2 (p > 
0.1). db-cGMP and 1,9-dideoxyforskolin had no significant effect on 
the incorporation of BrdU either in control cultures or in the presence 
of SHH-N or FGF2 (p > 0.1). PMA reduced BrdU incorporation under 
all three culture conditions (p < 0.001). 
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extended range in sclerotome induction (Fan and Tessier- 
Lavigne, 1994) whereas, in contrast, floor plate-inducing 
activity is dependent upon direct contact between target 
neural plate tissue and notochord or cultured cells ex- 
pressing Shh (Roelink et al., 1994; reviewed by Jessell 
and Dodd, 1992). Yet SHH-N appears to account for both 
types of induction (this study; Roelink et al., 1995), and 
H H-N appears similarly to account for many local and long- 
range signaling activities of HH in Drosophila (Porter et 
al., 1995). The local nature of floor plate induction appears 
to result from a requirement for a high concentration of 
SHH-N that, given the predominant association of SHH-N 
with the cell surface in vivo, might be available only upon 
contact with the surfaces of Shh-expressing cells. In sup- 
port of this notion, the contact requirement for floor plate 
induction can be circumvented in neural plate explant 
assays in vitro by the use of sufficiently high concentra- 
tions of purified soluble SHH-N (Roelink et al., 1995). Stud- 
ies in Drosophila clearly indicate that certain activities of 
HH-N such as maintenance of wingless (wg) expression in 
embryonic segments are also highly local (Ingham, 1993; 
Porter et al., 1995). 
An interesting feature of long-range signaling by HH pro- 
teins is that in some cases it appears to operate indirectly, 
through a secondary long-range signal. Thus, the major 
role of hh signaling in Drosophila imaginal disc patterning 
appears to be local activation of decapentaplegic (dpp) or 
wg (Ma et al., 1993; Heberlein et al., 1993; Tabata and 
Kornberg, 1994; Basler and Struhl, 1994), and dpp or wg 
activity then appears to account for the long-range pat- 
terning effects controlled by hh expression (Struhl and 
Basler, 1993; Capdevila and Guerrero, 1994; Pan and Ru- 
bin, 1995; Li et al., 1995; Jiang and Struhl, 1995; Strutt 
et al., 1995; Heberlein et al., 1995; Lepage et al., 1995). 
In contrast, the long-range induction of sclerotomal mark- 
ers by SHH-N appears to result from a direct effect of the 
protein rather than activation of a secondary signal in the 
somitic mesoderm since differentiating somitic mesoderm 
cells (the presumed sources of the secondary signal) can- 
not themselves induce sclerotomal markers in presomitic 
mesoderm explants (Fan and Tessier-Lavigne, 1994). A 
direct action of SHH-N in sclerotome induction is further 
supported by the finding that Pax1 is induced in presomitic 
mesoderm explants within 6 hr of addition of SHH-N. In 
addition, the members of the transforming growth factor 
I~ (TGFI~) and WNT families that we have tested (dorsalin, 
BMP2, BMP6, and WNT1; reviewed by Dickinson and 
McMahon, 1992; Kingsley, 1994), which, as vertebrate rel- 
atives of the dpp or wg gene products, are candidate sec- 
ondary inducers, did not induce sclerotomal markers (data 
not shown). Taken together, our results argue strongly that 
the long-range induction of sclerotomal markers by SHH-N 
in vitro results from diffusion of SHH-N into the explants 
and direct action of SHH-N on the cells. 
It therefore seems likely that the long-range induction 
of sclerotome in vivo is mediated by diffusible SHH-N re- 
leased by the notochord and floor plate. Our results also 
indicate that SHH-N can contribute to the mitogenic effect 
of notochord and floor plate cells on presomitic mesoderm 
cells, as well as to their ability to repress dermomyotomal 
markers. We cannot, however, exclude that other factors 
made by somitic mesoderm cells participate with SHH-N 
to mediate these activities in vivo and in vitro, although 
these factors cannot be sufficient for sclerotome induction. 
And while we cannot exclude a role for SH H-C in mediating 
or modulating some aspects of SHH function, we find no 
evidence for this at present. 
Other patterning activities that are candidates for the 
direct long-range action of HH proteins include the pat- 
terning of the dorsal cuticle in Drosophila (Heemskerk and 
Di Nardo, 1994) and induction of motoneurons in neural 
plate explants (Tanabe et al., 1995; Roelink et al., 1995). 
The latter case is particularly relevant since the threshold 
concentration of SHH-N required for motoneuron induc- 
tion is in the same range (nanomolar) that was required 
for sclerotome induction in our assay. The finding of similar 
thresholds for induction in both assays fits with the idea 
that SHH-N diffusing from notochord and floor plate cells is 
available to pattern both the ventral somite and the ventral 
neural tube in vivo. 
The ability of SHH-N to induce two distinct neural cell 
types, floor plate cells and motoneurons, in a dose- 
dependent fashion is thought o be important for patterning 
of the ventral spinal cord (Roelink et al., 1995). The finding 
that different levels of Paxl and Mtwist expression were 
induced in presomitic mesoderm explants by different con- 
centrations of SHH-N (Figure 2) raises the question of 
whether different developmental fates are also specified in 
somites by different concentrations of SHH-N, especially 
since some Pax genes can act in a dose-dependent man- 
ner in other systems (reviewed by Read, 1995). Dose- 
dependent effects may be unlikely during the initial devel- 
opment of the sclerotome, when the expression of Pax1 
in sclerotome is uniform and its boundary is likely set by 
competition between dorsalizing and ventralizing signals 
(Fan and Tessier-Lavigne, 1994; see also Figures 3C and 
3D). At later developmental stages, however, the sclero- 
tome is further patterned into dorsal and ventral compo- 
nents that express different levels of Pax1 (Deutsch et al., 
1988), perhaps in response to different concentrations of 
SHH-N. 
Modulation of SHH Effects by the cAMP 
Signaling Pathway 
Recent studies in Drosophila have demonstrated an inter- 
action of PKA with the HH signaling pathway. In both limb 
and eye imaginal discs, similar phanotypes are generated 
by loss of Pka and by ectopic expression of hh (Pan and 
Rubin, 1995; Li et al., 1995; Jiang and Struhl, 1995; Strutt 
et al., 1995; Lepage et al., 1995). Moreover, an experimen- 
tal increase in PKA activity can counteract hh function (Li 
et al., 1995). The results of these analyses indicate that 
in the wild type, a basal level of PKA activity constitutively 
represses particular downstream target genes and that 
activation of the HH pathway relieves this repression (re- 
viewed by Perrimon, 1995). It is uncertain whether HH 
activity results in direct repression of PKA activity itself or 
whether HH signaling and PKA activity simply converge 
on common downstream targets. 
We have found similarly that pharmacological manipula- 
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tions that are expected to increase PKA activity can coun- 
teract the effects of SHH-N on presomitic mesoderm ex- 
plants. Although we have not measured PKA activity, four 
lines of evidence suggest that our manipulations in- 
creased this activity and that the effects we observed re- 
flect a specific interaction between PKA activity and SHH 
signaling. First, similar effects were observed using phar- 
macological agents that are expected to increase PKA 
activity through three distinct mechanisms. Second, these 
manipulations blocked all three effects of SHH-N on pre- 
somitic mesoderm cells in our assay: the induction of 
Pax1, the increased proliferation of the cells, and the re- 
pression of Pax3 expression. Third, they did not affect 
the mitogenic effect of FGF2, nor the induction of Pax3 
expression by the dorsal neural tube. Fourth, the control 
agents db-cGMP, PMA, and 1,9-dideoxyforskolin did not 
modulate the effects of SHH-N (though PMA caused a 
general and nonspecific reduction in cell proliferation). To- 
gether, our results argue that increasing PKA activity spe- 
cifically counteracts the effects of SHH-N. 
Function of PKA in Somite Patterning 
Although the interaction between the SHH and PKA signal- 
ing pathways demonstrated here could reflect a direct re- 
pression of PKA activity by SHH signaling, an alternative 
role for the interaction is suggested by our previous finding 
that the surface ectoderm and the dorsal neural tube are 
the sources of dorsalizing signals that can simultaneously 
induce expression of dermomyotomal  markers and antag- 
onize the effects of SHH (Fan and Tessier-Lavigne, 1994). 
It is therefore tempting to speculate that dorsalizing sig- 
nals repress SHH function by directly stimulating PKA ac- 
tivity. It is unlikely, however, that all the actions of dorsaliz- 
ing signals are mediated through this pathway, since 
manipulations to increase PKA activity did not induce ex- 
pression of the dermomyotomal  marker Pax3, nor did they 
potentiate the induction of Pax3 expression by dorsal neu- 
ral tube. 
Determining the mechanisms that mediate the interac- 
tion between HH signaling and PKA activity will require 
isolating other components of the HH signaling pathway. 
However, our finding that manipulations to increase PKA 
activity inhibit long-range sclerotome induction by SHH 
strengthens the idea that both local and direct long-range 
actions of HH proteins are mediated by their amino- 
terminal autoproteolytic leavage products through a sig- 
naling pathway that is highly conserved between insects 
and vertebrates. 
Experimental Procedures 
Explant Culture 
Presomitic mesoderm explants were dissected from E9.5 Swiss Web- 
ster mouse embryos (plug date, E0.5) and cultured in three-dimen- 
sional collagen gels in a 45:45:10 mix of DME:F12:fetal bovine serum 
(GIBCO BRL) supplemented with antibiotics and 5 ng/ml FGF2 (except 
in experiments to test the mitogenic activity of SHH-N; see below), as 
described previously (Fan and Tessier-Lavigne, 1994). Chick tissues 
used as inducers were taken from stage 12-14 embryos, as described 
by Fan and Tessier-Lavigne (1994). Proteins and pharmacological 
agents were added directly to the culture medium. Agents were used 
at the following concentrations: forskolin, 1,9-dideoxyforskolin, and 
IBMX, 25-100 I~M; db-cAMP and db-cGMP, 250-1000 p.M; PMA, 10- 
100 nM. All agents were obtained from Calbiochem except IBMX, 
which was from Sigma. Similar results were obtained for each agent 
at all concentrations tested. 
SHH Expression Constructs and Purification 
of Recombinant SHH-N 
The pShh-N and pShh constructs were as described (Roelink et aL, 
1995). Plasmids were expressed transiently in COS cells, which were 
maintained, transfected, and aggregated for explant culture as pre- 
viously described (Fan and Tessier-Lavigne, 1994). Nucleopore filters 
(0.05 p.m diameter) were from COSTAR. Recombinant SHH-N protein 
was produced in bacteria nd purified as described elsewhere (Roelink 
et al., 1995). 
Western Analysis 
Medium was conditioned by transfected COS cells for 24 hr; the super- 
natants were harvested and cells extracted with RIPA buffer. After 
centrifugation (14,000 rpm for 30 min), supernatants and cell extracts 
were subjected to SDS-PAGE (15o/o gel), blotted to nitrocellulose 
(Schleicher & Schuell), and probed with antisera directed against the 
amino-terminal and carboxy-terminal portions of SHH (Chang et al., 
1994) (1:1000 and 1:250 dilution, respectively) and an alkaline phos- 
phatase-conjugated antibody (GIBCO BRL), following procedures out- 
lined in Harlow and Lane (1988). Note the presence in the Western blot 
(Figure 1 B) of bands that cross-reacted spuriously with the antibodies. 
Some of these bands were different han those observed by Roelink 
et al. (1995), probably owing to the use of different affinity purification 
methods for the primary antibodies, different secondary antibodies, 
and different detection methods. In addition, the supernatant from 
COS cells secreting SHH-N also sometimes had an additional band 
twice the molecular weight of SHH-N that was visible only on very long 
exposures; this band was also routinely observed in blots of purified 
bacterially expressed SHH-N (data not shown) and likely represents 
an aggregated form of SHH-N, probably a dimer. In extracts of COS 
cells secreting SHH-N, similar faint bands twice the size of the two 
major SHH-N products were sometimes observed; these bands mi- 
grated slightly faster than the full-length SHH product and are barely 
visible in Figure lB. 
BrdU Labeling and Immunohistochemistry 
Explants were cultured for 23 hr in medium containing proteins and 
pharmacological agents as indicated in the text; BrdU (Sigma) was 
then added to a final concentration of 20 p.M, and the explants were 
cultured for an additional hour. Since FGF2 has a mitogenic effect on 
presomitic mesoderm cells (see Figure 4D), in these experiments the 
control medium was not supplemented with FGF2. Explants were fixed 
in 4% paraformaldehyde, PBS for 2 hr at room temperature, washed 
with PBS, depurinated for 45 min with 2 N HCI, neutralized for 45 rain 
with 0.1 N sodium borate (pH 8.5), washed with PBT (PBS, 0.10/0 Triton 
X-100) for 15 min, and subjected to whole-mount immunohistochemis- 
try as described (Colamarino and Tessier-Lavigne, 1995) using the 
anti-BrdU monoclonal antibody Bu20A (gift of Dr. D. Mason) and an 
HRP-conjugated secondary antibody (Boehringer Mannheim). Trans- 
verse cryostat sections (20 p~m thickness) through the entire explant 
were collected, the middle section was identified, and the total number 
of HRP ÷ nuclei was counted in that section and two additional f anking 
sections 20 pm from the middle section. This number (the total from 
three sections) was used as an index of cell proliferation for the explsnt. 
RNA ISH and RT-PCR 
ISH was performed with Pax1, Pax3, and Mtwist probes exactly as 
described by Fan and Tessier-Lavigne (1994). RT-PCR using RNA 
isolated from the cultured explants was also performed essentially as 
described previously (Fan and Tessier-Lavigne, 1994), except hat only 
1 p~l of the RT reaction was, used for PCR, 0.27 14M [y-=P]CTP and 
20 p.M cold dNTPs were used for the reactions, and all reactions were 
performed in the linear range of amplification (which was established 
for each probe in control experiments). The number of PCR cycles 
used was 23 for Pax1, 18 for Mtwist, and 13 for 13-actin (linear ranges: 
20-25, 15-20, and 10-15, respectively). The products (2.5 p.l) were 
resolved on native polyacrylamide (8°/o) gels. Gels were dried and 
exposed to X-ray film for 2 hr. Pax1 and Mtwist primers were as de- 
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scribed previously (Fan and Tessier-Lavigne, 1994). The primers for 
the ~-actin gene were as described by Biragyn et al. (1994). 
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